Sea ice covers approximately 5% of the ocean surface and is one of the most extensive ecosystems on the planet. The microbial communities that live in sea ice represent an important food source for numerous organisms at a time of year when phytoplankton in the water column are scarce. Here we describe the distributions and physiology of sea ice microalgae in the poorly studied Amundsen Sea sector of the Southern Ocean. Microalgal biomass was relatively high in sea ice in the Amundsen Sea, due primarily to well developed surface communities that would have been replenished with nutrients during seawater flooding of the surface as a result of heavy snow accumulation. Elevated biomass was also occasionally observed in slush, interior, and bottom ice microhabitats throughout the region. Sea ice microalgal photophysiology appeared to be controlled by the availability of both light and nutrients. Surface communities used an active xanthophyll cycle and effective pigment sunscreens to protect themselves from harmful ultraviolet and visible radiation. Acclimation to low light microhabitats in sea ice was facilitated by enhanced pigment content per cell, greater photosynthetic accessory pigments, and increased photosynthetic efficiency. Photoacclimation was especially effective in the bottom ice community, where ready access to nutrients would have allowed ice microalgae to synthesize a more efficient photosynthetic apparatus. Surprisingly, the pigment-detected prymnesiophyte Phaeocystis antarctica was an important component of surface communities (slush and surface ponds) where its acclimation to high light may precondition it to seed phytoplankton blooms after the sea ice melts in spring.
Introduction
Over the course of an annual cycle, the sea ice that forms on the surface of polar oceans extends over an area of 15-22 × 10 6 km 2 . This enormous surface area ranks sea ice as one of the most expansive ecosystems on Earth, covering approximately 4.1-6.1% of the surface area of the global ocean (Arrigo, 2014) . Much of this ice is found in the Southern Hemisphere, expanding in size around the continent of Antarctica from a minimum extent of 3 × 10 6 km 2 in February to a maximum area of 19 × 10 6 km 2 in September. Sea ice ecosystems are home to a diverse community of bacteria, archaea, microalgae, protists, and metazoan grazers within the numerous microhabitats that are formed during its lifetime.
Sea ice microbial communities grow best in microhabitats that are in close proximity to seawater nutrients and receive enough light for net microalgal photosynthesis. Microhabitats within Antarctic pack ice inhabited by ice microalgae include surface melt ponds, slush (melted or flooded snow at the surface of the ice), gap layers, internal ice, and bottom ice (Legendre et al., 1992) . Surface ponds form either when snowmelt collects in discrete ponds on the surface of relatively flat ice (melt ponds) or when the ice surface is forced below the freeboard level due to ice rafting or snow loading and becomes flooded with seawater (deformation ponds). While melt ponds usually contain relatively little biomass owing to their low nutrient concentrations, deformation ponds can support high algal biomass (Garrison et al., 2003) . Internal layers of relatively solid undeformed ice are generally the most inhospitable habitats for microbial life in sea ice. While these layers often receive ample light, they can be very cold with brine salinities too high for microalgal growth (Arrigo and Sullivan, 1992) and brine volumes too low for adequate nutrient exchange (Golden et al., 1998 (Golden et al., , 2007 Garrison et al., 2003) . When the skeletal layer (the actively growing region at the base of growing sea ice) is present, bottom ice is often the most biologically productive sea ice habitat owing to its ubiquity, proximity to seawater nutrients, and mild temperature and salinity gradients (Grossi et al., 1987) .
Domain Editor-in-Chief
Sea ice communities are responsible for a small but important fraction of total primary production in Southern Ocean waters (Arrigo et al., 1997 (Arrigo et al., , 2008 Lizotte, 2001) . They provide food for protists, ctenophores, annelids, and a variety of crustaceans, including copepods and euphausiids (Garrison and Buck, 1989; Daly, 1990; Gowing and Garrison, 1992; Guglielmo et al., 2007; Kiko et al., 2008; Caron and Gast, 2010) . In particular, high krill densities have been observed beneath the ice throughout the year as they feed on microalgae within and at the base of the sea ice (Flores et al., 2011 (Flores et al., , 2012 .
As the sea ice melts, the microbial community is rapidly released as a large pulse into surface waters (Grossi et al., 1987; Suzuki et al., 2001; Juul-Pedersen et al., 2008) . Some of the algal cells can provide seed stock for phytoplankton blooms at the receding ice edge (Haecky et al., 1998; Mangoni et al., 2009 ). Much of the remaining biomass is eaten by pelagic grazers as it sinks through the water column (Brown and Belt, 2012) . Ice algal food is rich in polyunsaturated and other essential fatty acids (McMahon et al., 2006; Søreide et al., 2010) that are necessary for zooplankton growth and reproduction. Uneaten ice microalgae can settle on the seafloor and are consumed by benthic invertebrates (Ratkova and Wassmann, 2005; Boetius et al., 2013) . Ice microalgae are often enriched in 13 C relative to pelagic phytoplankton (Rau et al., 1991) and their 13 C signatures have been used to assess the proportion of sea ice microalgae in the diet of benthic invertebrates (Wing et al., 2012) .
Although the number of observations of sea ice microbial communities has increased in recent years, there are still large areas around the Antarctic for which few samples are available. These include the south Pacific and south Indian oceans and the Amundsen Sea (Meiners et al., 2012) . Here we present results of a study of sea ice algal biomass and physiology along a 17-station transect from the Amundsen Sea to the Ross Sea ( Figure 1 ). The focus of the study was to assess spatial variability in ice algal biomass and determine what factors control their distributions. We were also interested in investigating how ice algal physiology varied in different microhabitats within the ice, in part to better understand how this fragile ecosystem might respond to future changes in sea ice conditions. Methods Samples were collected from the Swedish icebreaker Oden along a roughly zonal transect extending from approximately 100°W to 166°E (Figure 1 ). Sea ice was sampled between 16 December 2010 and 10 January 2011 by deployment of personnel directly onto the ice pack. Sea ice samples were obtained using a SIPRE corer (0.076 m interior diameter). Ice cores longer than 0.2 m were sectioned at 0.1 to 0.2 m intervals and each segment was placed in individual labeled polyethylene bags. Slush and surface ponds were sampled by scooping a known volume into 4 L dark polyethelene containers and processed immediately upon return to the ship.
All sea ice samples were stored in a thermally insulated cooler until they could be processed. Once onboard (within 1 h of collection) a sufficient quantity of 0.2 µm-filtered seawater was added to each ice core section to maintain salinity > 28 (to minimize osmotic shock to the microbial community), and the samples were allowed to melt in the dark (< 24 hr) prior to further analysis. No seawater was added to surface pond or slush samples. The exact quantity of seawater added to the ice sections was recorded so that concentrations of solutes could be corrected to their undiluted values. Comparison of stored samples with samples that were processed immediately after collection showed that there was little change in physiology or pigment composition resulting from this treatment. Water column samples were collected from 1-2 m below the bottom of the ice using a bilge pump. Elementa: Science of the Anthropocene • 2: 000028 • doi: 10.12952/journal.elementa.000028
Snow and ice thickness
Before drilling ice cores, snow thickness was measured by inserting a ruler through the snow to the snow/ice interface. At least four holes (usually spaced 1 m apart) were drilled at each sea ice station for determination of sea ice thickness. A tape measure attached to the center of a brass rod was inserted into each hole, and the tape was pulled tight until the brass rod held securely to the bottom sea ice surface. The thickness was then read off the tape measure at the snow/ice interface. The mean ice and snow thickness for each station was calculated by averaging the thickness at all core locations at that station.
Sea ice salinity and temperature
The temperature of each ice core section was measured by inserting the tip of a digital temperature probe (Corning Science Products) approximately 0.01 m into the ice. The reading was taken after the temperature had stabilized (ca. 10 s). Sea ice salinity for each core section was measured using a refractometer (accuracy 1 ppt) after ice core sections had melted and were corrected for seawater dilution.
Pigments, POC, PON, δ
13 C, and δ
15

N analyses
Pigments Samples for fluorometric analysis of chlorophyll a (Chl a) were filtered onto 25 mm Whatman GF/F filters (nominal pore size 0.7 µm), placed in 5 mL of 90% acetone, and extracted in the dark at 3 º C for 24 hrs. Chl a was measured fluorometrically (Holm-Hansen et al., 1965 ) using a Turner 10-AU fluorometer (Turner Designs, Inc.). The fluorometer was calibrated using a pure Chl a standard (Sigma). For samples of relatively high biomass, high performance liquid chromatography (HPLC) analysis of pigment composition, including chlorophylls, phaeopigments, and carotenoids, was performed using the method of Wright et al. (1991) as described in DiTullio and Smith (1996) .
Fluorometric Chl a concentrations generally exceed those measured by HPLC by ∼ 50%. Because we only conducted HPLC analyses on a subset of the total samples, all Chl a concentrations reported here were measured fluorometrically. Pigment ratios, however, were determined from HPLC data.
Particulate organic carbon and nitrogen
Particulate organic carbon (POC) and nitrogen (PON) samples were collected by filtering water onto pre-combusted (450°C for 4 hrs) 25 mm Whatman GF/F filters. Filter blanks were produced by passing ∼50 ml of 0.2 µm filtered seawater through a GF/F. All filters were then immediately dried at 60°C and stored dry until analysis. Prior to analysis, samples and blanks were fumed with concentrated HCl, dried at 60°C and packed into tin capsules (Costech Analytical Technologies, Inc.) for elemental analysis on a Elementar Vario EL Cube (Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Standards included peach leaves and glutamic acid. The stable carbon (δ 13 C) and nitrogen (δ 15 N) isotopes of POC and PON in high biomass samples were simultaneously measured using the elemental analyzer and mass spectrometer system. Isotopic compositions were calibrated against the NBS-21 and IAEA-N1 standards that were run before and after each set of analyses. Isotopic reproducibility was on the order of 0.11‰.
Sea ice algal photophysiology
Photosynthesis versus irradiance (P-E) relationships for microalgae released from their sea ice matrix were determined using a modification of the 14 C-bicarbonate technique of Lewis and Smith (1983) as described by Arrigo et al. (2010a) . Microalgae were inoculated with 0.925 MBq 14 C-bicarbonate and each 2 ml aliquot was exposed to one of 20 irradiances ranging from <1 to >500 µmol photons m 2 s -1 for one hour at 0.0 ± 0.5°C. The DIC concentration used to calculate C-uptake rates was measured as described in Tortell et al. (2012) . The photosynthetic parameters P * m (maximum photosynthetic rate, mg C mg -1 Chl a hr -1 ) and a * (photosynthetic efficiency, mg C mg
) were calculated by normalizing uptake rates to fluorometric Chl a concentration; values were estimated from a fit of P-E data to the equation of Platt et al. (1980) . The photoacclimation index (E k , µmol photons m -2 s -1
) was calculated as P * m /a * . The particle absorption coefficient (a p ) from 300 to 800 nm was determined spectrophotometrically (Perkin Elmer Lambda 18 with a RSA-PE-18 integrating sphere) on fresh samples by collecting particles onto a 25 mm filter (Whatman GF/F) and measuring its optical density relative to a blank reference filter. Spectral absorption coefficients were calculated as described in Mitchell (1990) . Following measurement of a p , sample filters were extracted in 90% methanol and re-measured to yield detrital absorption (a d Although light levels within and beneath the ice were not measured during this project, the potential light environment for each microhabitat was characterized by calculating a light index based on the amount of overlying sea ice and snow. Because snow attenuates light approximately 10-fold higher than sea ice, a simple metric was produced wherein the light index was set to 1/(10 · snow thickness + ice thickness). For interior communities, only the amount of ice above the community (rather than total ice thickness) was used in the calculation. Based on this simple metric, microhabitats were classified from high to low light as surface pond, slush, high light interior ice, low light interior ice, bottom ice, under-ice high light, and under-ice low light.
Results
Snow
Snow thickness varied considerably throughout the study region, averaging 0.30 ± 0.24 m. Snow cover along our transect ranged from virtually snow free conditions in a few locations to snow cover as thick as 0.82 m ( Table 1 ). In general, snow was thickest along the eastern section of the transect, averaging 0.42 ± 0.22 m, and much thinner to the west of 130°W (0.08 ± 0.07 m). There was no apparent relationship between ice thickness and snow thickness for the stations we sampled. Six of the 17 stations sampled (2, 3, 27, 30, 31, and 41) had slush layers between the snow and ice. These stations had the thickest snow cover, suggesting that slush formation was primarily due to surface flooding as the thick snow cover forced the surface of the ice below freeboard. 
Sea ice
Most of the sea ice sampled during this study was first year ice that ranged in thickness from 0.65 m to 2.26 m (Table 1 ) and averaged 1.47 ± 0.76 m. The lone exception was at station 42, located along the eastern side of the Ross Ice Shelf, where multiyear ice nearly 4 m thick was observed. Ice thickness increased from 0.66 m along the northern ice edge (station 1) to 1.31 m at the interior of the pack (station 4), in conjunction with the increase in sea ice concentration ( Figure 1 ). However, within the interior of the ice pack, there was no apparent spatial pattern in sea ice thickness distribution. Due to our sampling in early summer, the ice pack was largely isothermal and near the freezing point of seawater at the time of sampling, with the vertically-averaged ice core temperature at all but one station Elementa: Science of the Anthropocene • 2: 000028 • doi: 10.12952/journal.elementa.000028 ranging from -0.23°C to -1.92°C (Table 1 ). The single exception was at the multiyear ice station 42 where the vertically-averaged temperature of this extremely thick ice was substantially colder at -4.50°C. The skeletal layer was generally but not always present.
The bulk salinity of sea ice sampled during our study averaged 5.07 ± 1.61, with significantly higher salinity on the eastern portion of the transect. East of 130°W, bulk salinity averaged 5.70 ± 1.66, while to the west, bulk salinity averaged only 3.90 ± 0.54. There was no significant relationship between mean bulk sea ice salinity and either temperature, snow thickness, or sea ice thickness at a given station.
The salinity of surface ponds, which were generally less than 0.2 m deep, averaged 20.0 ± 2.8. Slush layers were approximately 0.05 m thick with a mean bulk salinity of 26.3 ± 7.3. These relatively high salinities compared to bulk sea ice salinity suggest that seawater was infiltrating the surface of the ice, due either to surface flooding or percolation through the ice. Temperatures of both melt ponds and slush layers were just above the freezing point.
Depth-integrated microalgal biomass
Chlorophyll a Depth-integrated Chl a biomass in sea ice ranged from 1.80 to 72.2 mg m -2 during our study, averaging 17.3 ± 17.8 mg m -2 (Table 1 ). The highest values were concentrated in the region of the Amundsen Sea between 113°W and 118°W ( Figure 1 , Table 1 ). Interestingly, depth-integrated Chl a was significantly positively correlated with snow depth (Figure 2a) but not with the ratio of snow depth:ice thickness (not shown), with the four stations with the highest algal biomass also having the thickest snow cover (Table 1) . Thicker snow was also associated with the depth of the microalgal biomass maximum that was nearer the sea ice surface (Table 1 ). There was no apparent relationship between sea ice thickness and Chl a biomass (Figure 2b ).
Particulate organic carbon
The mean depth-integrated POC within the sea ice during our study was 2041 ± 687 mg m -2 . Total POC varied from 822 mg m -2 in the thin ice at the northern ice edge to 3211 mg m -2 in the interior of the pack at station 4 (Table 1) , which also had the highest depth-integrated Chl a concentration. POC was positively, but non-linearly, correlated with Chl a (Figure 3a) , rising rapidly at Chl a values below 20 mg m -2 and then rising more slowly at higher levels of Chl a. Unlike Chl a, depth-integrated POC exhibited no statistically significant relationship with either snow depth (Figure 2c ) or ice thickness (Figure 2d ).
The depth-integrated POC/Chl a ratio averaged 214.1 ± 191 (g:g) throughout the study region. Values ranged from 44.5 at station 4, where the ice algal bloom was most intense, to 852 at station 43, which had very low Chl a accumulation despite a moderate amount of POC. The POC/Chl a ratio was significantly negatively correlated with snow depth (Figure 2e ) but exhibited no apparent relationship with sea ice thickness (Figure 2f ).
Particulate organic nitrogen
Depth-integrated PON averaged 266 ± 151 mg m -2 in our study area, ranging from 97.1 mg m -2 at the northern ice edge to 599 mg m -2 at station 4 within the interior of the ice pack (Table 1) . Depth-integrated PON was highly correlated with POC ( Figure 3b) , with the POC/PON ratio averaging 8.72 ± 2.76 within our study region. Like Chl a, PON was positively correlated with snow depth but exhibited no statistically significant relationship with ice thickness. Because of the positive correlation between snow depth and PON, the POC/PON ratio was significantly negatively correlated with snow depth (Figure 2g ) and exhibited no relationship with ice thickness (Figure 2h ).
Microalgal physiology
Many assays used to characterize algal physiology require an ample supply of algal biomass to produce a measurable biological signal. Because algal biomass is often heterogeneously distributed within an individual sea ice core, we could best measure algal pigments and physiological properties on those sections of each ice core that had a sufficient amount of algal biomass. Therefore, the values reported below do not reflect averages over the entire core, but are indicative of values in microhabitats where ice microalgae were most prevalent. In descending order of incident light intensity (estimated as described in the methods), the microhabitats sampled in this study include surface pond, slush, high light interior ice, low light interior ice, bottom ice, under-ice high light, and under-ice low light. The stations used to quantify algal pigment ratios and physiology in each microhabitat are given in Table 2 .
Pigment concentrations
The concentration of Chl a associated with microalgal blooms in sea ice microhabitats was greatest in deformation ponds (105 ± 116 mg m -3 ) and within the low light interior ice (111 ± 127 mg m -3 ) (Table 2) . Surprisingly, Chl a concentrations were substantially lower in the bottom ice and in slush associated with ), two habitats that typically support high microalgal biomass. Maximum Chl a concentrations in sea ice were more than 40-fold higher than Chl a concentrations measured in the under-ice water (2.2-2.5 mg m -3 ). The concentrations of both phaeopigments (fluorometry) and the sum of Chl a allomer and epimer, chlorophyllide a, monovinyl-chlorophyllide a, pheophorbide a and pheophytin a (HPLC) in sea ice habitats were generally 2-8% of Chl a concentrations, indicating that little degradation of Chl a had taken place by the time of sampling.
Fucoxanthin (Fuco), a photosynthetic accessory pigment associated primarily with diatoms in sea ice, varied markedly within the various microhabitats when normalized by Chl a concentration (Table 2) . Consistent with the role of fucoxanthin in light harvesting, the Fuco/Chl a ratio was highest in low light environments such as the bottom ice and low light interior ice ( Table 2 ). The lowest Fuco/Chl a ratios were measured in deformation ponds and in high light under-ice environments.
The concentration of the xanthophyll cycle pigments diatoxanthin (DT) and diadinoxanthin (DD), which are used by microalgae for photoprotection against excessive irradiance, were also measured in the sea ice (Table 2 ). In contrast to the photosynthetic pigment fucoxanthin, the ratio (g:g) of DD + DT to Chl a was greatly elevated in the environments with the highest light levels, including deformation ponds (0.30) and slush layers (0.15). Interior ice and bottom ice, as well as at the under-ice water column, all exhibited relatively low (DD + DT)/Chl a ratios ranging from 0.04 to 0.08 (Table 2) .
Finally, the photosynthetic accessory pigment 19′-hexanoyloxyfucoxanthin (19-Hex), which has been confirmed microscopically to be an effective marker pigment in the Southern Ocean to identify Phaeocystis antarctica in both the water column and the sea ice (Arrigo et al., 1999 (Arrigo et al., , 2002 (Arrigo et al., , 2003 , also varied considerably with sea ice habitat ( Table 2 ). The 19-Hex/Chl a ratio (g:g) was highest in microhabitats within the upper ice, such as deformation ponds, slush layers, and high light interior ice, and lowest in bottom ice. This vertical pattern suggests that Phaeocystis antarctica grows best in regions of the ice that receive the most light.
POC, PON, and isotopic ratios POC concentrations ranged from an average of 1354 ± 869 mg m -3 in ice algal blooms associated with bottom ice to 9304 ± 5811 mg m -3 in ice algal blooms associated with deformation ponds (Table 3) . These values are 13-90-fold higher than POC concentrations measured in the under-ice water column. PON showed a similar vertical distribution, with bloom concentrations being greatest in both low light interior ice (1179 mg m -3 ) and deformation ponds (1032 mg m -3 ) and lowest in bottom ice (210 mg m -3 ). Like both Chl a and POC, bloom values for PON in sea ice were substantially higher (6 to 33-fold) than in the under-ice water column.
POC/PON ratios in sea ice algal blooms ranged from 5.5 to 9.2 (Table 3 ) and tended to be higher in high light environments located closer to the sea ice surface (e.g., surface pond, slush, and high light interior). Values in sea ice were much greater than those measured in the under-ice water column (POC/PON = 2.4-3.2). δ 13 C of particulate matter in sea ice ranged from -21.8 to -14.3 ‰. 13 C enrichment of POC was significantly positively correlated with POC concentration (Figure 4) , indicating higher levels of enrichment at higher levels of ice algal biomass. There was no such correlation between δ 15 N of particulate matter and algal biomass, although 15 N was significantly enriched in sea ice environments compared to the under-ice water column (Table 3) .
Photosynthetic parameters
Maximum light-saturated photosynthetic rates (P * m ) among the sea ice microhabitats were greatest in the slush layers, bottom ice, and deformation ponds and lowest in interior ice (Table 4) . Maximum values for P * m in sea ice were not as high as those measured in the under-ice water column, the latter of which were also more highly variable. Photosynthetic efficiency (a * ) was highest in the bottom ice, exceeding values in other sea ice habitats by a factor of 3-10. Values for a * in both the high light and low light interior ice were by far the lowest of any habitat sampled. The photoacclimation parameter E k varied from 20 to 96 µmol photons m -2 s -1 and was highest in habitats nearer the sea ice surface and declined with depth within the ice (Table 4 ). The highest values for E k in the sea ice were greater than the highest values measured in the under-ice water column. 
Absorption parameters
The ratio of the magnitude of the algal absorption peaks at blue (e.g., 443 nm) and red (e.g., 676 nm) wavelengths provides an indication of the level of pigment packaging, which increases with larger microalgal cell size and higher intracellular Chl a concentration (Morel and Bricaud, 1981) . Lower blue/red absorption ratios indicate a greater level of pigment packaging (Figure 5a , Table 4 ). Within the sea ice, blue/red absorption ratios were lowest in the interior ice and highest in the surface communities (slush and deformation ponds), with values very similar to those measured in the under-ice water column (Table 4) . Interestingly, the blue/ red ratio in the bottom ice fell between these two extremes. Absorption peaks at ultraviolet (UV) wavelengths varied markedly within the sea ice (Table 4) , suggesting differential production of mycosporine-like amino acids (MAAs) by the microbial community. MAA absorption was generally low in bottom ice and in both low light and high light interior ice communities, ranging from approximately 0.02-0.03 m 2 mg -1 Chl a (Figure 5b , Table 4 ). In surface slush layers, MAA absorption was 3-4-fold higher than elsewhere in the ice, averaging 0.070 ± 0.053 m 2 mg -1 Chl a. The highest MAA absorption values were measured in deformation ponds (Figure 5c ), which exceeded values in the slush layer by a factor of two and values elsewhere in the ice by nearly a factor of five (Table 4) . Elementa: Science of the Anthropocene • 2: 000028 • doi: 10.12952/journal.elementa.000028
Discussion
Microalgal biomass
The mean microalgal biomass in sea ice within our study region (17.3 ± 17.8 mg Chl a m -2 ), which consisted primarily of stations sampled in the Amundsen Sea during summer, was comparable to the circumpolar summer mean (12.9 ± 16.5 mg Chl a m -2 ) calculated from historical data in the Antarctic Sea Ice Processes and Climate (ASPeCt)-Bio database (Meiners et al., 2012) . Like the ASPeCt-Bio database, peak Chl a biomass during our study was distributed in microhabitats throughout the ice column. However, in the AntarcASPeCt -Biology (ASPeCt-Bio) database, surface, internal, and bottom microhabitats contained approximately equal fractions of total depth-integrated Chl a. This pattern contrasts with our study in which bottom communities were well developed in only 18% of the stations sampled, while surface and interior ice communities were well developed at 53% and 71% of stations, respectively (some stations had multiple communities so the percentages sum to > 100%). In this respect, vertical distributions of Chl a observed in our study share a greater similarity with those measured in the Ross Sea, where surface and interior communities also were relatively more abundant than bottom communities (Meiners et al., 2012) . It is possible that, because the Amundsen Sea is aggregated with the Bellingshausen Sea in the ASPeCt-Bio database, the vertical distributions of Chl a are being skewed by the large number of samples near the Antarctic Peninsula, which may differ from those in the Amundsen and Ross Seas. In addition, the ASPeCt-Bio database includes data from all months of the year, while our study was conducted in summer, so some temporal bias may have been introduced in the comparison.
Snow depth appears critical in determining both the depth-integrated Chl a (higher with deeper snow) and distribution (dominance of slush communities in deeper snow) of ice microalgae. This observation is almost certainly a reflection of the impact of snow loading on nutrient availability via surface flooding rather than its impact on light availability, since more snow leads to reduced light levels (Perovich, 1990; Arrigo et al., 1997; Saenz and Arrigo, 2012) . Low snow and a high freeboard means that the greatest nutrients can be found down at the ice/water interface, while heavy snow depresses the freeboard and causes flooding/ nutrient renewal near the ice surface. Such surface flooding occurs over 15-30% of the ice pack in Antarctica (Wadhams et al., 1987) .
These results are consistent with model results that demonstrate the importance of snow loading and surface flooding to the development and maintenance of high algal biomass in surface communities (Saenz and Arrigo, 2012; Saenz and Arrigo, in press ). However, our results for the Amundsen Sea contrast with previous observations from the Ross Sea, which showed higher microalgal biomass at lower snow thicknesses (Arrigo et al., 2003) . The difference between the two studies is likely explained by the lower snow accumulation in the Ross Sea, which rarely exceeded 0.1 m (Arrigo et al., 2003) and was unlikely to depress the surface of the ice below freeboard and cause surface flooding. In contrast, flooded sea ice in the Amundsen 
, MAA peak = m 2 mg -1 Chl a Microhabitats are ordered from highest light to lowest, based on light index described in the Methods. Sea during our study had snow accumulations of 0.3-0.8 m (Table 1) and well developed slush and surface pond communities associated with relatively high salinities, indicative of flooding. Thus, snow accumulation appears to be detrimental to algal growth due to light attenuation (as demonstrated in the Ross Sea) until it becomes sufficiently heavy to cause flooding, at which point the detrimental effect of reduced light would be more than compensated for by the advantage of nutrient renewal. Concurrent measurements of nutrient resupply and microalgal parameters would confirm this scenario.
Our results support previous observations showing that microalgal biomass in the ice is much greater and more highly concentrated than in the under-ice water column below (Garrison et al., 1990; Legendre et al., 1992; Arrigo et al., 2003) . As a result, microhabitats within sea ice represent an important food source during those times of year when pelagic production is still low. Given the seasonal importance of sea ice biology, factors that control the amount of biomass within the ice can have a profound impact on other parts of the marine ecosystem (Arrigo et al., 2010b) . For example, models predict that in the future there will be increased precipitation in the Southern Ocean resulting in greater snow cover on sea ice (e.g., Sarmiento et al., 1998) . Our results suggest that such a change in forcing could increase the amount of algal biomass within the ice by enhancing nutrient supplies via surface flooding. This effect might be especially important in places like the Ross Sea where snow depths are currently too low to promote surface flooding.
Microalgal physiology
The photosynthetic rates of sea ice microalgae are controlled by a combination of sea ice temperature, brine salinity, and light and nutrient availability (Arrigo and Sullivan, 1992) . At the time of our study, the sea ice was almost isothermal, so differences in sea ice temperature and brine salinity were likely having little impact on the spatial variability of sea ice microalgal physiological state. Therefore, the differences in elemental composition, pigment content, and photosynthetic parameters that we observed for sea ice microalgae were likely driven almost exclusively by vertical and horizontal gradients in light or nutrient availability.
For example, the POC/Chl a ratio in sea ice was lower at stations with a thicker snow cover (Figure 2e ), indicative of microalgae increasing their cellular pigment concentrations in an effort to harvest more of the available light (Moisan and Mitchell, 1999; Kropuenske et al., 2009) . Although the magnitude of these ratios suggests that the samples contained some detritus, complicating a possible physiological interpretation, the non-linear relationship observed between POC and Chl a is consistent with a photoacclimation response to reduced light levels ( Figure 3a) . As microalgal biomass (e.g., POC) increased, light availability was reduced due to self-shading, and the microalgae increased their cellular Chl a concentration to compensate. Consequently, the amount of additional Chl a necessary to sustain net photosynthesis at high biomass was higher than would have been necessary in the absence of microalgal self-shading.
While the observed POC/Chl a ratio in our study likely reflects acclimation to light availability, the variation in the POC/PON ratio with snow depth (Figure 2g ) is also consistent with a microalgal response to nutrient availability. While it is true that the decreasing POC/PON ratio with increasing snow depth is consistent with an enhancement of N-rich photosystems by microalgae growing at reduced light levels (Klausmeier et al., 2004) , the magnitude of the POC/PON ratio at low snow thicknesses (> 10) is very high relative to the ratio expected for N-replete cells (5-7). This finding suggests that the microalgal community growing beneath a thin cover of snow also may have been nutrient-stressed due to a lack of surface flooding.
Our other pigment data also provide strong evidence of acclimation by microalgae to the different light regimes associated with various microhabitats within the sea ice. Enhanced pigment packaging is manifested as a flattening of the algal absorption spectrum (i.e., lower blue/red peak ratios) as more light is absorbed by a microalgal cell, either due to a larger cell size or a greater amount of pigment per cell (Morel and Bricaud, 1981) . The degree of pigment packaging was low in surface pond and slush communities and greatest in interior ice ( Table 4 ), suggesting that microalgae growing in these low light environments either were larger or had higher pigment content than algae growing nearer the sea ice surface. A higher pigment content per cell is supported by the vertical distribution of the ratio of the photosynthetic accessory pigment fucoxanthin to Chl a, which showed a clear increase with depth within the ice (Table 2) . Interestingly, pigment packaging was also low in the under-ice water column beneath the ice. Because this environment would be expected to experience relatively low light, the small amount of packaging could be the result of this pelagic community being dominated by smaller sized cells than are usually found in sea ice (Gradinger and Ikävalko, 1998; Riaux-Gobin et al., 2011) .
Like pigment concentration, the types of pigments present in various sea ice microhabitats also reflect acclimation to different light environments. The xanthophyll cycle is used by many microalgal species to protect themselves from excessive irradiance. For sea ice microalgae, the xanthophyll cycle consists of enzymatic de-epoxidation of the carotenoid pigment DD to DT, the latter of which thermally dissipates excess energy (Olaizola and Yamamoto, 1994; Demmig-Adams and Adams, 2006; Goss et al. 2006) . This photoprotective mechanism is particularly important for microalgae that get mixed periodically into surface waters (Alderkamp et al., 2013) or that live in the upper reaches of the sea ice. In our study, by far the highest (DD + DT)/Chl a ratios were measured in deformation ponds and surface slush layers, habitats that can be subjected to very Elementa: Science of the Anthropocene • 2: 000028 • doi: 10.12952/journal.elementa.000028 high light levels throughout the 24-hour day. Xanthophyll cycle pigments were also found in microalgae within interior and bottom microhabitats within the ice and in the under-ice water column, but at much reduced concentrations relative to near-surface communities. This vertical pattern demonstrates clearly that microalgae living near the sea ice surface were using xanthophyll cycling as a mechanism to withstand excessive irradiance. However, it should be noted that even the lowest (DD + DT)/Chl a ratios measured in the sea ice during our study were 3-fold higher than values measured previously in ice-free waters of the Amundsen Sea (Alderkamp et al., 2013) .
Like xanthophyll pigment concentrations, absorption of UV radiation by MAAs was very high in surface ice communities (pond and slush) and declined with depth within the ice (Table 2 ). Production of MAAs by microalgae can be photoinduced by elevated levels of UVB (280-320 nm) radiation, and to a lesser extent by UVA (320-400 nm) and visible (400-700 nm) radiation (Hannach and Sigleo, 1998; Klisch and Häder, 2001; Sinha et al., 2001) , although the relative response to UVB, UVA, and visible radiation varies by algal taxa (Riegger and Robinson, 1997; Moisan and Mitchell, 2001) . Algae produce at least nine different MAAs whose spectral absorption peak ranges from 310 nm to 386 nm (Riegger and Robinson, 1997) . The vertical pattern of MAA absorption observed in ice during our study, which was only high in near surface samples, suggests that UV radiation was attenuated rapidly within the snow and ice and was not an important factor influencing rates of microalgal growth within the ice interior and sea ice bottom. The heterogeneous vertical distributions of both MAAs and xanthophyll cycle pigments demonstrate that, while sea ice is generally considered to be a low light habitat, microalgae living there must be able to acclimate to a wide range of light intensities.
The variations in photosynthetic parameters in the different sea ice microhabitats also demonstrate microalgal acclimation to both light and nutrient levels. Although both P * m and a * can vary as a function of either light or nutrient availability, in our study nutrient availability seemed to be the dominant controlling variable. Both P * m and a * were higher in the under-ice water column than in the ice, a likely reflection of greater nutrient availability (although we cannot rule out differences in phytoplankton species composition). This conclusion also is consistent with the vertical patterns observed within the ice, with both P * m and a * being higher in flooded surface communities and at the bottom of the ice (where nutrient concentrations would be high) than within the sea ice interior (Table 4) . If light had been the controlling variable, P * m would have declined and a * would have increased with depth within the ice, a pattern contrary to our observations. Interestingly, while both P * m and a * measured in sea ice indicate a system in which photosynthetic activity is most likely controlled by nutrient availability, the photoacclimation parameter (E k ) shows that light levels are also important. Because E k is calculated as P * m /a * , it reflects a balance between the dark and light reactions of photosynthesis (Cullen, 1990) . Because it is advantageous to maintain an optimal balance between light harvesting machinery and carbon fixation machinery, E k often reflects the mean light history experienced by microalgal cells. The relationship between light history and E k is apparent in our dataset as a progressive decrease in E k with depth within the ice. E k was highest in deformation ponds where light levels were highest and, unlike both P * m and a * , was lowest at the bottom of the ice where light levels were lowest. Ironically, the maintenance of this balance between E k and light history in the bottom ice community would be made possible by abundant nutrients. Although P * m was relatively high in this microhabitat (Table 4) , a * was even higher (relative to other microhabitats). Maintaining such a high photosynthetic efficiency (e.g., a * ) when light is low requires a large pigment bed capable of harvesting additional photons and transferring them to the reaction centers, the synthesis of which requires a sufficiently large nutrient supply. Because nutrients were likely to be relatively high in the bottom community due to its proximity to seawater, microalgae growing there could elevate their photosynthetic efficiency far above that of internal communities (where light was also low). These high values for a * are what allowed bottom communities to reduce their E k values to match their low light environment. Thus, we conclude that the balance between light and nutrients was critical in shaping sea ice microalgal metabolism in the Amundsen Sea during our study.
Although greater nutrient availability likely explains the higher biomass and more active microalgal physiology we observed in some microhabitats, there was also evidence that these high biomass microenvironments may have depleted their resources. We observed a statistically significant relationship between POC and the δ 13 C of POC in sea ice (Figure 4) , which is likely the result of depletion of dissolved inorganic carbon by extremely high accumulations of ice algal biomass and consequent enrichment of the inorganic carbon pool (Rau et al., 1991; Kennedy et al., 2002; Arrigo et al., 2003) . This relationship is similar to that observed in bottom ice in the Beaufort Sea region of the Arctic Ocean (Pineault et al., 2013) , although both our POC and δ 13 C values were higher, indicating greater depletion of inorganic carbon by a larger algal community. Although there was no significant relationship between PON concentration and the δ 15 N of PON in sea ice, δ 15 N of particulate matter was significantly enriched in sea ice environments compared to the under-ice water column. Enrichment could be due to the presence of heterotrophs in sea ice (DeNiro and Epstein, 1981; Teranes and Bernasconi, 2000) , but it is most likely due to NO 3 being nearly depleted in ice cores such that both light and heavy isotopes of N were assimilated (while in the under-ice water column, mostly the light NO 3 was utilized, Berg et al. 2011 ). This level of nutrient depletion was possible because, unlike the water column where iron (Fe) concentrations are insufficient to support complete NO 3 drawdown by microalgae, microbial communities in the sea ice have enough Fe to more efficiently utilize the available macronutrients (Edwards and Sedwick, 2001 ). Thus, the biological pump associated with sea ice in the Southern Ocean is likely to be more efficient (but not stronger) than that of the water column, even on productive continental shelves. Given the more complete utilization of NO 3 in ice relative to the water column, it might be worth exploring whether δ 15 N of PON in sediments can be used as a proxy for the presence of sea ice in a given area. Finally, we were surprised to find a relatively large proportion of the pigment 19-Hex in sea ice microhabitats exposed to high light. 19-Hex is a marker pigment for Phaeocystis antarctica, a colonial prymnesiophyte that forms dense blooms in open waters on Antarctic continental shelves (Arrigo et al., 1999) . Although this species has been observed previously in newly formed sea ice (Arrigo et al., 2003) , and can tolerate prolonged darkness and freezing (Tang et al., 2009) , the results of this study are the first to imply that it was physiologically active in the upper layers of sea ice in late spring/early summer. Its presence in recently flooded sea ice may indicate that it was introduced to the ice relatively recently and was able to grow there because of its ability to withstand high light levels. P. antarctica has an active xanthophyll cycle and is capable of efficiently repairing photodamage incurred during periods of high light stress (Kropuenske et al., 2009 (Kropuenske et al., , 2010 , allowing it to outcompete other species under highly variable light conditions (Arrigo et al., 2010a) . It also is able to regulate its MAA content to protect itself from excessive radiation, including UV (Riegger and Robinson, 1997) . Because the release from the sea ice into surface waters can expose microalgae to high radiation levels, high MAA content and enhanced xanthophyll cycle pigment concentrations may pre-acclimate P. antarctica to survive the transition from the sea ice to the water column as the sea ice melts in spring. In this way, we suggest that high xanthophyll cycle pigment and MAA content may facilitate the role that sea ice algae play in seeding ice-edge phytoplankton blooms and thereby structuring phytoplankton communities.
